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Summary

IA-2 is a major autoantigen in type 1 diabetes and autoantibodies to it have
become important diagnostic and predictive markers. IA-2 also is an intrinsic
transmembrane component of dense core secretory vesicles and knock-out
studies showed that IA-2 is a regulator of insulin secretion. Here we show that
overexpression of IA-2 puts mouse insulinoma MIN-6 beta cells into a pre-
apoptotic state and that exposure to high glucose results in G2/M arrest and
apoptosis. Molecular study revealed a decrease in phosphoinositide-
dependent kinase (PDK)-1 and Akt/protein kinase B (PKB) phosphorylation.
Treatment of IA-2-transfected cells with IA-2 siRNA prevented both G2/M
arrest and apoptosis and increased Akt/PKB phosphorylation. A search for
IA-2 interacting proteins revealed that IA-2 interacts with sorting nexin
(SNX)19 and that SNX19, but not IA-2, inhibits the conversion of
PtdIns(4,5)P2 to PtdIns(3,4,5)P3 and thereby suppresses the phosphorylation
of proteins in the Akt signalling pathway resulting in apoptosis. We conclude
that IA-2 acts through SNX19 to initiate the pre-apoptotic state. Our findings
point to the possibility that in autoimmune diseases, tissue destruction may
be autoantigen-induced, but not necessarily immunologically mediated.
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Introduction

Type 1 diabetes in humans is due to destruction of the
insulin-producing beta cells in the pancreas [1]. The
disease is autoimmune in nature, or at least has a strong
immunological component. Three major autoantigens have
been identified in human type 1 diabetes: IA-2, glutamic
acid decarboxylase (GAD) and insulin. Autoantibodies to
IA-2 and GAD are found in 70–80% of newly diagnosed
patients and autoantibodies to insulin in 30–50% of newly
diagnosed patients [2]. These autoantibodies appear years
before the onset of clinical disease and population screen-
ing has shown that individuals with autoantibodies to both
IA-2 and GAD have about a 50% likelihood of developing
type 1 diabetes within 5 years. As a result, autoantibodies
are being used widely as predictive markers to identify indi-
viduals at high disease risk for entry into therapeutic inter-
vention trials.

IA-2 is a 979 amino acid (a.a.) protein that belongs to the
transmembrane protein tyrosine phosphatase family [3,4].
However, because of the lack of key conserved residues at a.a.
877 and a.a. 911, it is enzymatically inactive with known

substrates. Enzymatic activity can be restored by site-
directed mutagenesis [5]. The protein consists of a signal
peptide (a.a. 1–24), extracellular (a.a. 25–576), trans-
membrane (a.a. 577–600) and intracellular (a.a. 601–979)
domain. Autoantibodies to IA-2 are largely conformational
in nature and are directed exclusively to epitopes within the
intracellular domain [6]. The gene coding IA-2 is located on
chromosome 2q35. Homologues showing 46–58% identity,
respectively, are found in Caenorhabditis elegans and Droso-
phila, indicating that IA-2 belongs to an ancient gene family
[7]. A closely related protein, IA-2b, also known as phogrin,
is located on chromosome 7q36 and has 74% identity to the
intracellular and 26% identity to the extracellular domains
of IA-2 [8,9].

IA-2 is expressed in neuroendocrine cells throughout the
body, including pancreatic beta cells. The protein is an inte-
gral component of dense core vesicles (DCV) and knock-out
of IA-2 in mice resulted in impaired insulin release and
abnormal glucose tolerance tests [10]. Recent overexpression
and siRNA knockdown experiments in cell culture showed
that IA-2 is an important regulator of glucose-induced and
basal insulin secretion [11].
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Despite the substantial amount of information that has
accumulated about IA-2, it is not known what actually trig-
gers the autoimmune response or whether the autoimmune
response to IA-2 actually plays a role in the pathogenesis of
type 1 diabetes. Moreover, the fact that 20% or more of
patients with type 1 diabetes do not have autoantibodies to
any of the known major autoantigens, and that it often
takes years for the disease to develop after the first appear-
ance of autoantibodies, raises the possibility that the
autoimmune response might be a consequence of and sec-
ondary to other mechanisms that are responsible for, or at
least contribute to, beta cell destruction. In the present
report we show that overexpression of IA-2 puts insulin-
secreting mouse insulinoma MIN-6 cells into a pre-
apoptotic state and that exposure to a high concentration
of glucose results in G2/M arrest and apoptosis. The
mechanism(s) involved are described and the possible role
of apoptosis, independent of or in conjunction with
autoimmunity, as a cause of beta cell destruction is
discussed.

Materials and methods

Reagents

Cell culture reagents were purchased from Biosource (Cama-
rillo, CA, USA); pCMV-Tag3 mammalian expression vectors
with G418 resistance gene from Stratagene (La Jolla, CA,
USA); pGEX4T1 glutathione S-transferase (GST) fusion
vector from Amersham Biosciences (Piscataway, NJ, USA);
enhanced green fluorescence protein gene (pEGFP)-C3
vector and anti-EGFP antibody from BD Clontech (Palo Alto,
CA, USA); Effectene transfection reagent and RNAiFect
transfection reagent from Qiagen (Santa Clarita, CA, USA);
mouse IA-2 antibody from Lad (Berlin, Germany); mouse
anti-a-tubulin antibody, anti-flagellar antigen (FLAG)
antibody and anti-GST antibody from Sigma (St
Louis, MO, USA); anti-Akt/protein kinase B (PKB), anti-
phospho-Akt/PKB, anti-phosphoinositide-dependent kinase
(PDK)-1, anti-phospho-PDK-1, anti-mammalian target of
rapamycin (mTOR), anti-p70S6 kinase, anti-phospho-
p70S6 kinase, anti-glycogen synthetase kinase (GSK)-3b,
anti-phospho-GSK-3b, anti-phosphatidylinositol phosphate
3’-phosphatase (PTEN), anti-phospho-PTEN, anti-
phospho-tyrosine, anti-C-jun amino terminal kinase (JNK),
anti-phospho-JNK, anti-caspase-3, 6, 7, 9, 12 antibody and
anti-cMyc monoclonal antibody (MoAb), from Cell
Signalling (Beverly, MA, USA); anti-PI3 kinase (p85)
from Upstate (Charlottesville, VA, USA); anti-insulin
receptor and anti-insulin receptor substrate 1 (IRS-1) from
Calbiochem (San Diego, CA, USA); anti-caspase activated
DNase (CAD) antibody from Santa Cruz Biotechnology
(Santa Cruz, CA, USA); and tumour necrosis factor (TNF)-a
and interferon (IFN)-g from eBioscience (San Diego, CA,
USA).

Plasmids

Primers for complementary IA-2 and sorting nexin (SNX)19
were synthesized by Integrated DNA Technology (Coralville,
IA, USA). IA-2EC, IA-2IC and IA-2F vector constructs were
made as reported previously [11], except the IA-2EC con-
struct used in the present experiments contains a signal
peptide. The forward and reverse primer sequences for
IA-2EC were 5′-GGAATTCATGCGGCGCCCGCGGCGG-3′
and 5′-CCGCTCGAGCAAGATT TGGAGCCCTGC-3′.
IA-2EC polymerase chain reaction (PCR) product was
inserted into pCMV-Tag3 vector at EcoRI and XhoI sites.
The forward and reverse primer sequences for SNX19
were 5′-CCGCTCGAGATGAAGACAGAAACAGTG3′ and
5′-CCGCTCGAGCTAAGAGGAGACACCCAT-3′. SNX19
PCR product was subcloned into pCMV-Tag2 and
pEGFP-C3 vectors at XhoI sites. IA-2IC also was subcloned
into pGEX4T1 vector at BamHI and XhoI sites. All plasmids
were sequenced and no mutations were found.

Establishment of stable cell lines

MIN-6 cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) containing 25 mm d-glucose (high
glucose), supplemented with 15% heat-inactivated fetal
bovine serum, 100 U/ml penicillin and 100 mg/ml strepto-
mycin at 37°C in 95% air and 5% CO2. As reported previ-
ously [11], IA-2F (a.a. 1–979), IA-2EC (a.a 1–550) and
IA-2IC (a.a. 600–979) was subcloned into pCMV-Tag3
vectors and introduced into mouse insulinoma MIN-6 cells
using Effectene transfection reagent, and stably transfected
cells were selected in 25 mM high glucose medium contain-
ing 500 mg/ml of G418. G418-resistant single clones were
obtained by limiting dilution and IA-2 expression was con-
firmed by Western blot. Five different IA-2F transfected
clonal cell lines and three different mock-transfected clonal
cell lines were prepared successfully. Based on preliminary
experiments, each of the IA-2F transfected cell lines showed
a slower growth rate and greater G2/M arrest and apoptosis
than the mock-transfected cell lines. A representative IA-2F
transfected (no. 3) and mock-transfected (no. 1) cell line was
chosen and used through the current experiments. pCMV-
Tag3 vector itself (mock) also was transfected into MIN-6
cells and single clones were selected by the same method.
Unless stated otherwise, cells were kept at high glucose con-
centration (25 mM) and cells from the first several passages
(i.e. 3–6) were used in all the current experiments. PC12 and
NIH3T3 cells were maintained as described above with slight
modification.

Cell proliferation assay

A total of 1 ¥ 104 cells/ml of IA-2F, IA-2IC, IA-2EC and mock
transfected MIN-6 cells were seeded into 96-well and 1 ¥ 104
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cells/ml into 12-well culture plates and incubated for 8 days
in 25 mM (high) glucose media. Cell proliferation in 96-well
plates was measured by a bromodeoxyuridine (BrdU) cell
proliferation assay kit (Calbiochem) or counted in 12-well
plates by trypan blue staining for 8 days.

Flow cytometry analysis

Mock, IA-2F and SNX19 transfected MIN-6 cells or IA-2
siRNA, SNX19 siRNA and non-silencing siRNA transfected
MIN-6 cells were cultured in six-well culture plates at 3 mM
(low) or 25 mM (high) glucose. For cell cycle analysis, cells
were cultured for 2 days and fixed with 70% ethanol. After
washing with phosphate-buffered saline (PBS), the cells were
treated with RNase for 30 min and 50 mg/ml propidium
iodide (Calbiochem) was added and cells were analysed by
flow cytometry (Becton-Dickinson, Franklin Lakes, NJ,
USA). For detection of apoptosis, the cells were cultured for
3 days under low and high glucose conditions and apoptotic
cells were detected by the annexin V-fluorescein isoth-
iocyanate (FITC) apoptosis kit (Calbiochem) using flow
cytometry. Fas expression on cells was detected by anti-
mouse Fas antibody (BD Pharmigen).

DNA fragmentation

After culture for 3 days in 3 mM or 25 mM glucose, attached
and floating cells were collected. Both fragmented and high
molecular weight DNA were extracted from the cells with a
suicide-track DNA ladder isolation kit (Calbiochem) and the
extracts were applied to a 1·5% agarose gel.

Transient transfection of plasmids
into mammalian cells

A total of 6 ¥ 105 NIH3T3 cells, MIN-6 cells and PC12 cells
were seeded onto a six-well cell culture plate 24 h before
transfection with 2 mg of IA-2 expression vectors and/or
SNX19 expression vector by Effectine transfection reagent;
48 h after transfection, the cells were used for immunopre-
cipitaion or Western blot analysis.

Construction of IA-2 siRNA

IA-2 siRNA and non-silencing siRNA were prepared by
Qiagen, as reported previously [11]. Target sequences were
derived from the cDNA sequences of human and mouse
IA-2: 5′-AAGTCTGTATTCAGGATGGCTT-3′, correspond-
ing to nucleotide (nt) 152–173 of human IA-2 mRNA and nt
206–227 of mouse IA-2 mRNA. Non-silencing siRNA target
(random sequence) was 5′-AATTCTCCGAACGTGTCACG
TT-3′. SNX19 siRNA and non-silencing siRNA were pur-
chased from Ambion (Austin, TX, USA). Target sequences
for mouse SNX19 was 5′-GGTCAATTGCACCGCCAACTT-
3′. All sequences were subjected to Basic Local Alignment

Search Tool (blast) searches to ensure that there were no
matches with known sequence of other genes.

siRNA transfection

A total of 6 ¥ 105 non-transfected MIN-6 cells, MIN-6
mock-transfected cells and MIN-6 IA2F-transfected cells
were seeded in a six-well culture plate 24 h before transfec-
tion with 2 mg IA-2 siRNA or 2 mg non-silencing siRNA by
RNAiFect transfection reagent; 48 h after siRNA transfec-
tion, IA-2 expression was confirmed by Western blot.

Western blot

Cells were washed twice with PBS, detached from plates with
trypsin-ethylenediamine tetraacetic acid (EDTA), collected,
washed two more times with PBS and then sonicated in lysis
buffer. Equivalent amounts of protein were resolved by
sodium dodecyl sulphate–polyacrylamide gel electrophore-
sis (SDS-PAGE) on 4–12% acrylamide gels (Invitrogen,
Carlsbad, CA, USA) and transferred to polyvinylidene
difluoride (PVDF) membranes (Invitrogen), followed
by immunoblotting with antibodies to detect respective
proteins.

Phosphorylation

To detect phosphorylation of Akt/PKB, PDK-1, mTOR,
GSK-3b, p70S6 kinase and PTEN, IA-2F transfected and
mock-transfected MIN-6 cells were seeded in six-well
culture plates and cultured for 2 days under high or low
glucose conditions. IA-2F transfected and non-transfected
MIN-6 cells also were cultured for 2 days under high or low
glucose conditions after transfection with IA-2 siRNA or
non-silencing siRNA. The cells then were collected, lysed and
phosphorylation was analysed by Western blot with specific
anti-phospho antibodies to respective proteins.

Immunoprecipitation

To detect tyrosine phosphorylated insulin receptor (IR),
IRS-1 and PI3 kinase (p85), mock and IA-2F transfected
MIN-6 cells cultured for 2 days in 25 mM glucose media
were collected, washed and lysed. Cell lysates were immuno-
precipitated for 3 h at 4°C with anti-IR antibody (Calbio-
chem), anti-IRS-1 antibody (Calbiochem) and PI3 kinase
(p85) antibody (Upstates) in the presence of protein
A-Sepharose CL-4B (Amersham Biosciences), and then
tyrosine phosphorylated proteins were detected with specific
anti-phospho-tyrosine antibody (Cell Signalling). NIH3T3
cells transfected with FLAG-tagged SNX19 and/or c-Myc-
tagged IA-2IC were used to detect interacting proteins.
MIN-6 cells were used to detect endogenous interacting
proteins. Cells lysates were immunoprecipitated by a protein
G imunoprecipitation kit (Sigma) with antibodies to IA-2,
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FLAG, c-Myc or SNX19, followed by SDS-PAGE and Western
blot.

Fractionation of insulin-containing vesicles

MIN-6 cells were fractionated to separate insulin-containing
vesicles on a Percoll gradient [12]. In brief, MIN-6 cells were
cultured in six 75 cm2 flasks in 25 mM high glucose DMEM
media for 1 week. The cells were collected in 10 ml of
insulin-containing vesicle separation buffer with 275 mM
sucrose, 10 mM 2-(N-morpholino)-ethane-sulphonate
(MES), 1 mM ethyleneglycol-bis-(b-aminoethyl ether)-
N,N,N′,N′-tetra-acetate (EGTA), 0·2 mM benzamidine,
0·2 M phenylmethylsulphonyl fluoride (PMSF), 10 mg/ml
leupeptin, 10 mg/ml antipain and 10 mg/ml pepstatin, then
homogenated with 23- and 27-gauge needles. The homoge-
nate was centrifuged at 1700 g for 10 min and the superna-
tant was layered on 27% (wt/vol) Percoll, centrifuged
at 35 000 g for 50 min at 4°C in Beckman type 50·2TI
(Beckman Instruments, Palo Alto, CA, USA). The top 10 ml
were discarded, 1·0 ml fractions were collected, washed twice
in buffer, centrifuged at 13 000 g for 15 min, the pellets were
resuspended in buffer and analysed by Western blot.

Anti-SNX19 antibody

Rabbit anti-serum to SNX19 was prepared by Biosource. The
target peptide was ESKPQTEGKKASKSRLRFC, correspond-
ing to a.a. 714–731 of mouse SNX19. A blast search showed
no matches to other proteins, including other members of
the sorting nexin family.

Protein/lipid overlay assay

PIP-Strip membranes (Echelon, Salt Lake City, UT, USA)
were blocked in 0·1% Tween-20-Tris-buffered saline (TBS)
plus 3% fatty acid free bovine serum albumin (BSA) (Sigma)
for 1 h at room temperature, then incubated overnight at
4°C with 0·5 mg/ml EGFP-SNX19 and/or GST-IA-2IC in
0·1% Tween-20-TBS plus 3% fatty acid free BSA. The mem-
branes were washed gently three times with the same buffer,
incubated with anti-EGFP MoAb or anti-GST antibody
for 1 h at room temperature, and then incubated with
anti-mouse IgG-horseradish peroxidase (HRP) to detect
the bound proteins using the ECL system (Amersham
Biosciences). The SNX19 protein used in these experiments
was obtained from three sources; SNX19-transfected
NIH3T3 cells; SNX19-transformed Escherichia coli BL21;
and SNX19 expressed in the in vitro transcription/
translation system.

PI3 kinase assay

PI3 kinase was prepared by immunoprecipitation with anti-
p85 PI3 kinase antibody (Upstates) from 1 ¥ 107 MIN-6 cells

and then incubated with PtdIns(4,5)P2 substrate for 3 h at
room temperature in the presence GST-IA-2IC and/or
EGFP-SNX19 proteins. The amount of PtdIns(3,4,5)P3 pro-
duced from PtdIns(4,5)P2 was measured by PI3 kinase
enzyme-linked immunosorbent assay (ELISA) kit (Echelon).

TNF-a- and IFN-g- induced apoptosis

Mock- and IA-2F transfected MIN-6 cells were seeded into
six-well plates and cultured for 18 h at low and high glucose
concentrations in the presence and absence of 10 ng/ml
of TNF-a or IFN-g. Apoptotic cells were detected by flow
cytometry staining with annexin V-FITC and propiodium
iodide.

Statistical analysis

All data are expressed as mean � standard error. Student’s
t-test was used to determine statistical significance.

Results

Overexpression of IA-2 results in G2/M arrest

Previously we established stable MIN-6 beta cell lines trans-
fected with the extracellular (a.a. 1–550), intracellular (a.a.
600–979) and full length (a.a. 1–979) of IA-2 [11]. Western
blots showed that these transfected cells expressed two to
four times more of the extracellular (IA-2EC), intracellular
(IA-2IC) and full length of IA-2 (IA-2F) than the mock
transfected cells. In the current experiments we examined
the growth rate of these cells. As seen in Fig. 1a,b, the growth
rate of IA-2F transfected cells was markedly inhibited com-
pared to mock, IA-2IC and IA-2EC transfected cells as deter-
mined by both trypan-blue staining (Fig. 1a) and BrdU cell
proliferations assays (Fig. 1b). In all subsequent experiments
IA-2F was used. To investigate where growth was blocked in
the cycle cell, mock and IA-2F transfected cells were incu-
bated for 2 days under low and high glucose conditions and
then analysed by flow cytometry (Fig. 1c,d). Under low
glucose conditions mock and IA-2F transfected cells showed
no difference, but under high glucose there was a dramatic
block at the G2/M stage in the IA-2F transfected cells.
Western blot analysis showed that survivin, which is required
for progression past G2/M [13], was decreased substantially
in the IA-2F compared to the mock transfected cells
(Fig. 1e).

Overexpression of IA-2 results in apoptosis

To see whether the cells at G2/M arrest went on to apoptosis,
cells were cultured for 3 days under low and high glucose
conditions. Figure 2a shows that there was essentially no
difference in the number of apoptotic cells as evaluated by
annexin-V at low glucose concentrations when the mock and
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IA-2F transfected cells were compared. However, at high
glucose concentrations, 32% of the IA-2F transfected cells
expressed annexin-V compared to only 8% of the mock
transfected cells (Fig. 2b). Moreover, at high glucose concen-
trations, the IA-2F transfected, but not mock transfected,
cells showed apoptotic DNA fragmentation (Fig. 2c).
Further evidence for apoptosis came from examining
caspase activity by Western blots. As seen in Fig. 2d, caspase
3, 6, 7, 9, but not 12, were activated and caspase activated
DNase (CAD) expression was increased in IA-2F transfected
cells when cultured at high glucose concentrations. No
increase was observed in mock transfected cells or cells cul-
tured at low glucose concentrations. Thus, IA-2 overexpres-
sion establishes a pre-apoptotic state which, in the presence
of high glucose, induces G2/M arrest and apoptosis.

IA-2 siRNA treatment prevents G2/M
arrest and apoptosis

To determine if IA-2-induced G2/M arrest and apoptosis
could be prevented, cells were treated with IA-2 siRNA or
non-silencing siRNA. As seen in Fig. 3a, siRNA knocked
down IA-2 expression by approximately 75% and completely
prevented G2/M arrest (Fig. 3b,c) and apoptosis (Fig. 3d,e)
upon exposure to high glucose. Non-silencing siRNA had no

effect. After many months of culturing IA-2 transfected cells
IA-2 could no longer be detected (Fig. 3f), and when this
happened the cells no longer showed G2/M arrest upon
exposure to a high concentration of glucose (Fig. 3g).

Overexpression of IA-2 inhibits Akt phosphorylation

In an attempt to determine the key molecules involved in
IA-2F-induced cell cycle arrest and apoptosis, several differ-
ent signalling pathways were examined. Because decreased
Akt/PKB phosphorylation has been linked to beta cell
apoptosis, we focused on this pathway [14,15]. Western blot
analysis of mock and IA-2F transfected cells cultured at high
glucose revealed decreased phosphorylation of Akt/PKB and
PDK-1 and the downstream kinases mTOR, GSK-3b and
p70S6K, with no apparent change in protein expression, in
the IA-2F transfected compared to the mock transfected cells
(Fig. 4a). In contrast, the phosphorylation of PTEN, PI3
kinase-p85, IRS-1 and IR were not affected (Fig. 4a). At low
glucose, the phosphorylation of Akt/PKB was decreased
slightly in the IA-2F transfected cells with no changes in the
downstream kinases. Phosphorylation of proteins in the JNK
pathway also were not affected (Fig. 4a), nor were there any
substantial differences in the expression of Fas on IA-2 trans-
fected compared to mock transfected cells (data not shown).
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Further evidence that the decrease in Akt/PKB phospho-
rylation was related to IA-2F overexpression was obtained by
treating IA-2F transfected cells with IA-2 siRNA. Figure 4b
shows that treatment with IA-2 siRNA suppressed IA-2
expression by about 50% and increased Akt/PKB phospho-
rylation by twofold (lane 4 versus lane 2). Non-silencing
siRNA (lane 3) had no effect on IA-2 expression or Akt
phosphorylation compared to the untreated controls (lane
2). These findings with IA-2F overexpression raised the pos-
sibility that endogenous IA-2 also might influence Akt/PKB
phosphorylation. Figure 4c shows that treatment of non-
transfected MIN-6 cells with IA-2 siRNA suppressed endog-
enous IA-2 expression by nearly 85% (lane 3 versus lane 1)
and increased Akt/PKB phosphorylation by close to 1·8-fold
(lane 3 versus lane 1). Non-silencing siRNA (lane 2) had no
significant effect on IA-2 expression or Akt/PKB phospho-
rylation compared to the untreated control (lane 1). The
findings from both transfected and non-transfected MIN-6
cells show that IA-2 can influence Akt phosphorylation.

TNF-a and IFN-g are known inducers of apoptosis [16].
To determine if overexpression of IA-2 could enhance
cytokine-induced apoptosis, IA-2F transfected cells were cul-
tured with low or high glucose in the presence of TNF-a or
IFN-g. Figure 4d shows that under low glucose conditions
there was no difference in the percentage of mock and IA-2F
transfected cells showing apoptosis when exposed to TNF-a
or IFN-g. However, under high glucose conditions, the per-
centage of IA-2F transfected cells showing apoptosis was

significantly higher than the percentage of mock transfected
cells when exposed to TNF-a or IFN-g. These findings show
that overexpression of IA-2 promotes both cytokine and
glucose-induced apoptosis in beta cells.

SNX19 interacts with IA-2

To elucidate the mechanism by which IA-2 might regulate
Akt/PKB phosphorylation, we looked for IA-2 interacting
proteins by screening several human libraries with the yeast
two-hybrid system [17]. About a dozen interacting proteins
were identified, but the one that we found of most interest
was SNX19, because SNX19 has a Phox (PX) domain
[18–20] that could bind phosphatidylinositol (PtdIns),
whereas none of the other IA-2 interacting proteins are
known to directly phosphorylate or dephosphorylate Akt/
PKB or PDK-1. Figure 5a shows that the intracellular
domain of IA-2 binds to full length SNX19 in mammalian
cells. FLAG-tagged full length SNX19 and c-Myc-tagged
IA-2IC were co-transfected into NIH3T3 cells, and the cell
lysates were pulled down with anti-FLAG, anti-c-Myc or
anti-IA-2 antibody followed by SDS-PAGE and Western blot
analysis. Western blots showed that IA-2IC was pulled down
with SNX19 and that SNX19 was pulled down with IA-2IC.
Figure 5b shows that in MIN-6 cells, endogenous IA-2 binds
to endogenous SNX19. Cell lysates of MIN-6 cells were
immunoprecipated with anti-IA-2 or anti-SNX19 antibody
and Western blots revealed that antibody to SNX19 pulled
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down IA-2 and antibody to IA-2 pulled down SNX19. Frac-
tionation of cell lysates showed that IA-2 and SNX19
co-localized in the same fractions in which insulin was found
(Fig. 5c), suggesting that SNX19 bound to DCV through
IA-2.

SNX19 inhibits Akt/PKB phosphorylation
resulting in apoptosis

To determine if SNX19 itself could induce apoptosis, MIN-6
cells were transfected transiently with SNX19. Two days later
approximately 26% of SNX19 transfected cells were found to
be annexin-V positive, whereas only 2% of the mock trans-
fected cells expressed annexin-V (Fig. 5d). Transfection with
SNX19 also led to a threefold or greater increase in the
expression of SNX19 (Fig. 5e) and a 50% or greater decrease
in Akt/PKB phosphorylation in both SNX19 and SNX19/
IA-2 transfected cells compared to the mock transfected cell
(Fig. 5e). Conversely, treatment of MIN-6 cells with SNX19
siRNA resulted in about a 60% decrease in SNX19 expression
and a 2·5–3·0-fold increase in Akt/PKB phosphorylation
(Fig. 5f). Non-silencing siRNA had no effect on SNX19

expression or Akt/PKB phosphorylation. SNX19 siRNA also
prevented the IA-2 induced pre-apoptotic cells from under-
going G2/M arrest and apoptosis (Fig. 5g,h) upon exposure
to high glucose. Again, non-silencing siRNA has no effect on
G2/M arrest or apoptosis.

SNX19/IA-2 binds to PtdIns

To study the molecular basis by which SNX19 decreases Akt/
PKB phosphorylation we explored the ability of SNX19 to
bind to PtdIns by use of a protein-lipid overlay assay. As seen
in Fig. 6a, SNX19 bound to all the phosphorylated PtdIns
tested. Similar results were obtained in three separate experi-
ments using different SNX19 preparations (data not shown).
In contrast, IA-2 did not bind to any of the PtdIns nor did
the combination of IA-2/SNX19 inhibit the binding of
SNX19 to PtdIns, suggesting that IA-2 might serve as a scaf-
folding molecule on DCV to bring SNX19 to PtdIns in the
plasma membrane. In addition, the well-known binding of
Akt to PtdIns (Fig. 6b, lane 1) was inhibited by SNX19 and
SNX19/IA-2 (lanes 3, 4), but not by IA-2 (lane 2). Evidence
that the binding of SNX19 to PtdIns inhibits the conversion
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of PtdIns(4,5)P2 to PtdIns(3,4,5)P3 by PI3 kinase is illus-
trated in Fig. 6c. In the presence of IA-2, the conversion of
PtdIns(4,5)P2 to PtdIns(3,4,5)P3 was the same as in the
control, whereas in the presence of SNX19 or IA-2/SNX19
there was nearly a 75% reduction in the conversion.

Discussion

Transfection with IA-2 puts MIN-6 cells into a pre-apoptotic
state which, upon exposure to high glucose, results in G2/M
arrest and apoptosis. Glucose-induced apoptosis/toxicity has
been known for years and a variety of mechanisms have been
proposed [15,21–23]. In our studies exposure of IA-2 trans-
fected MIN-6 cells, but not mock transfected cells, to a high
concentration of glucose resulted in a decrease in the phos-
phorylation of proteins in the Akt pathway. Our studies also
showed that decreased Akt/PKB phosphorylation led to the
activation of caspases 3, 6, 7 and 9 which in turn resulted in
cell death. Treatment of the transfected cells with IA-2 siRNA
prior to exposure to high glucose prevented the decrease in

phosphorylation and, in fact, increased Akt/PKB phospho-
rylation in non-transfected cells. From these studies we con-
clude that the Akt/PKB signalling pathway plays a major role
in the transition from the IA-2 pre-apoptotic state to apop-
tosis and that glucose is necessary but, in the absence of IA-2,
not sufficient for the transition.

Insight into one possible mechanism by which IA-2 sets
the pre-apoptotic stage for glucose-induced apoptosis comes
from identifying SNX19 as an IA-2 interacting protein.
Based on sequence, SNX19 is a new member of the sorting
nexin family which consists of a diverse group of cellular
trafficking proteins [24]. SNX19 is 992 a.a. in length and has
a PX-associated (PXA) domain and a PX domain. The PX
domains of SNX are known to bind to PtdIns [25,26]. The
function of SNX19 previously was not known. Our experi-
ments showed that under high glucose conditions transfec-
tion of cells with SNX19 resulted in a decrease in the
phosphorylation of Akt/PKB and caused apoptosis. Con-
versely, treatment with SNX19 siRNA increased Akt phos-
phorylation and prevented apoptosis. Thus, the biological
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effects of SNX19 are similar to and parallel IA-2. Because
IA-2 and SNX19 interact with each other it was not clear
whether the decrease in phosphorylation and glucose-
induced apoptosis in the IA-2 pre-apoptotic cell was due to
IA-2 or SNX19. The demonstration that SNX19, but not
IA-2, binds to several PtdIns, inhibits the conversion of
PtdIns(4, 5)P2 to PtdIns(3, 4, 5)P3 and blocks the binding of
PtdIns(3, 4, 5)P2 to Akt/PKB argues that SNX19 is a key
molecule in the IA-2 pre-apoptotic cell (Fig. 6d).

Based on the SNX19 findings it would appear that IA-2,
which is a transmembrane component of DCV, serves in the
capacity of a scaffolding protein to which SNX19 attaches
and then is transported with the DCV to other parts of the
cells. In this context, we recently showed that IA-2 is a
regulator of DCV number and insulin secretion [11]. Over-
expression of IA-2 resulted in a sixfold increase in glucose-
induced insulin secretion and approximately a threefold

increase in the number of DCV in the cell. The increase in
vesicle number appears to be due to IA-2 induced stabiliza-
tion of DCV, which were found to have a half-life nearly
twice as great in the IA-2 transfected cells as in the mock
transfected cells. The current study shows that SNX19
co-localizes with IA-2 and insulin and therefore appears to
be linked to DCV, where it is attached to the cytoplasmic
domain of IA-2. Exposure to a high concentration of glucose
results in the trafficking of DCV from the cytoplasm to the
plasma membrane [27,28]. Therefore, cells overexpressing
IA-2 contain more DCV which, in the presence of high
glucose, can translocate more SNX19 to the plasma mem-
brane where SNX19 can bind to PtdIns(4,5)P2 or
PtdIns(3,4,5)P3 and thereby decrease phosphorylation and
down-regulate the Akt pathway (Fig. 6d). It is of interest that
glucose-induced toxicity generally occurs in cells exposed for
a long period of time to high glucose [29]. In the case of
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MIN-6 cells, which require high glucose for growth and sur-
vival, high glucose does not result in apoptosis in the absence
of IA-2 overexpression. Thus, the mechanism(s) for classic
glucose-induced toxicity and the apoptosis that occurs in
IA-2 transfected cells appear to have a different basis.

Aberrant expression of IA-2 also might be an explanation
for the difficulties encountered by a number of laboratories
[30,31], including our own, in establishing and maintaining
permanent IA-2 cell lines. In our hands, tranfection of fibro-
blasts (i.e. NIH3T3, Chinese hamster ovary (CHO) and
HEK293), which do not contain DCVs, with IA-2F linked to
a signal peptide resulted in apoptosis. Under certain condi-
tions, transfection of MIN-6 cells with the extracellular
domain of IA-2, but lacking a signal peptide, could also

result in apoptosis (unpublished data). In both these cases
there was aberrant expression of IA-2: in one case, because of
the absence of DCV, and in the other because of the absence
of a signal peptide. Thus the extracellular domain of IA-2
might have apoptotic signalling properties independent of
SNX19, but not seen when the gene is properly expressed and
processed.

Although it is accepted widely that the autoimmune
response in humans is responsible for beta cell destruction,
much of the evidence comes from animal models [32]. The
present study points to an alternative non-immunological
mechanism to explain how at least some beta cells may be
destroyed. Genetic factors that influence the expression of
IA-2 (e.g. transcription factors) or hormones (e.g. insulin)
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that enhance the expression of IA-2 [33,34] might put beta
cells into a pre-apoptotic state. Environmental factors (e.g.
high glucose) then could force the pre-apoptotic cells into
apoptosis. This process may take place over many years, with
only a few beta cells being destroyed at any one time, but
resulting in the gradual loss of the beta cell reserve. The
autoimmune response thus may be a consequence of this
apoptotic process [35,36], especially in individuals with
high-risk haplotypes for type 1 diabetes [37,38], and may
contribute to the pathogenesis of the disease, but may not be
the primary trigger or cause of the disease.

The findings presented here with IA-2 link a major
autoantigen with apoptosis. Based on the IA-2 model, it is
possible that overexpression or aberrant expression of other
host proteins might also put beta cells into a pre-apoptotic
state, which upon exposure to environmental factors and/or
host factors could activate apoptotic pathways and result in
non-immunological destruction of beta cells and type 1
diabetes. Autoantigen-induced, but non-immunologically
mediated processes also might play a role in other autoim-
mune diseases.
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